Human cytomegalovirus (HCMV) is a paradigm for mechanisms subverting antigen presentation by major histocompatibility complex (MHC) molecules. Due to its limited host range, HCMV cannot be studied in animals. Thus, the in vivo importance of inhibiting antigen presentation for the establishment and maintenance of infection with HCMV is unknown. Rhesus cytomegalovirus (RhCMV) is an emerging animal model that shares many of the features of HCMV infection. The recent completion of the genomic sequence of RhCMV revealed a significant degree of homology to HCMV. Strikingly, RhCMV contains several genes with low homology to the HCMV US6 gene family of inhibitors of the MHC I antigen presentation pathway. Here, we examine whether the RhCMV US6 homologues (open reading frames Rh182, -184, -185, -186, -187, and -189) interfere with the MHC I antigen-processing pathway. We demonstrate that Rh182 and Rh189 function similarly to HCMV US2 and US11, respectively, mediating the proteasomal degradation of newly synthesized MHC I. The US3 homologue, Rh184, delayed MHC I maturation. Unlike US3, MHC I molecules eventually escaped retention by Rh184, so that steady-state surface levels of MHC I remained unchanged. Rh185 acted similarly to US6 and inhibited peptide transport by TAP and, consequently, peptide loading of MHC I molecules. Thus, despite relatively low sequence conservation, US6 family-related genes in RhCMV are functionally closely related to the conserved structural features of HCMV immunomodulators. The conservation of these mechanisms implies their importance for immune evasion in vivo, a question that can now be addressed experimentally.
Human cytomegalovirus (HCMV) is highly prevalent in the human population and establishes persistent infection of immunocompetent hosts (47) . This life-long infection occurs despite a significant CMV-specific cellular immune response, with up to 10% of the total T-cell population being CMV specific (22) . Moreover, seropositive individuals can be reinfected with a different strain of CMV even in the presence of preexisting immunity (8) . Thus, the immune system is unable to eradicate CMV upon primary infection or to prevent reinfection. Continuous immune surveillance is required to keep the viral infection in an asymptomatic state, since CMV disease is mostly observed during immunodeficiency, particularly in cell-mediated immunity, related to either immunologic immaturity, pharmacologic immunosuppression (transplantation) (53) , or the progressive immunodeficiency of human immunodeficiency virus infection (52) . Thus, a balance is established between immunological control of the viral infection and immune evasion by the virus.
Immunomodulatory mechanisms encoded by CMV are thought to be central to maintaining this balance. It is conceivable that a large portion of the CMV genome, containing Ͼ250 open reading frames (ORFs), is dedicated to manipulating various aspects of the host defense. One of the major obstacles to elucidating these mechanisms is the fact that HCMV can infect only humans. This extreme host restriction of ␤-herpesviruses resulted in their coevolution with the host organisms.
The most closely related nonhuman CMV is the chimpanzee cytomegalovirus (16) . However, chimpanzees are not readily available for experimentation. Rodents are ideal for experimentation, but the genomic sequences of murine cytomegaloviruses show that the vast majority of the HCMV immunomodulatory genes are not conserved (49) . Therefore, there is a need to establish CMV infection models in animals closely related to humans. Such an alternative animal model is rhesus macaque infection by rhesus cytomegalovirus (RhCMV) (3). RhCMV and HCMV have similar epidemiologies and patterns of infection in immunocompetent and immunodeficient hosts (43, 54, 58) . In addition, the immune response to RhCMV is similar to that to HCMV, with a high percentage of T cells being CMV specific (5, (35) (36) (37) 48) . The recently completed sequence of the RhCMV genome revealed that, in addition to genes with no obvious homology in HCMV, RhCMV encodes homologues of most of the known immunomodulators of HCMV (26) . This list includes homologues of the viral inhibitor of caspase activation, UL36; the viral mitochondrial inhibitor of apoptosis, UL37; the interleukin-10 homologue, UL111; the Fc receptors, UL117/UL118; the viral CXC chemokine homologue, UL147; and the tumor necrosis factor receptor homologue, UL144 (26) .
The RhCMV genomic region Rh182 to -189 contains six genes with homology to the genes US2 to US11 in the unique short (US) region of HCMV. This region in HCMV encodes a group of eight glycoproteins that were originally grouped into two families, US2 and US6 (11) , and later into three families, US2, US3, and US11 (9) . Primary structure alignments, as well as their functional relationship, suggests that all of the US2, US3, and US6 family genes arose by gene duplication and thus their products represent a single family of proteins (1, 20) , which we will refer to as the US6 family. Six members of this family have been shown to interfere with the major histocompatibility complex class I (MHC I) antigen-processing pathway (42) , and deletion of this region restores MHC I expression in HCMV-infected cells (33) . Since MHC I molecules present virus-derived peptides to cytotoxic T cells, it is assumed that these proteins play an important role in viral immune evasion in vivo. Each of the US6 family proteins interferes at a distinct step during the assembly and intracellular transport of MHC I heterotrimers consisting of heavy chain (HC), ␤2 microglobulin (␤2m), and antigen-derived peptides. Immediately upon heavy-chain synthesis, US2 and US11 extract newly synthesized MHC I molecules from the lumen of the endoplasmic reticulum (ER) and send them for degradation by the proteasome (59, 60) . US11 achieves this by simultaneously interacting with MHC I molecules and the cellular quality control protein derlin 1, which extracts misfolded proteins from the ER (41, 61) . US2 seems to act by a different mechanism, since it differs from US11 in several respects, e.g., it does not require the presence of a cytosolic tail in its target molecules and does not interact with derlin 1 (4, 41, 61) . US6 inhibits peptide translocation across the lumen of the ER membrane by the peptide transporter TAP, preventing the association of antigen-derived peptides with nascent MHC I molecules (2, 28, 30, 40) . US3 retains MHC I molecules in the ER (1, 25, 34, 39) by binding to and interfering with tapasin, an MHC-specific chaperone that controls peptide loading (46) . US10 has been shown to delay MHC I exit (18) . At the cell surface, US8 binds to MHC I molecules that are endocytosed (55) . However, both US8 and US10 seem to be relatively inefficient in their activities, since they do not affect the steady-state levels of MHC I at the cell surface (2) or antigen presentation to T cells (32) . The remaining two US6 family members, US7 and US9, have no known function (32) .
In contrast to the extensive studies performed on the molecular functions of the HCMV proteins in vitro, their roles in the establishment and maintenance of virus infection in vivo are unknown. Provided that the RhCMV homologues are also functionally related to the HCMV US6 family, RhCMV could represent a model to evaluate the in vivo function of this protein family. In this report, we examine whether the RhCMV homologues interfere with the assembly and maturation of MHC I. We demonstrate that RhCMV contains functional homologues for US2, US3, US6, and US11. In the presence of RhCMV Rh182 and Rh189, nascent MHC I molecules were found to be degraded in a proteasome-dependent manner in tissue culture, suggesting that Rh182 and Rh189 are homologues of HCMV US2 and US11. The RhCMV ORF Rh185 represents a homologue of HCMV US6, since Rh185 inhibited peptide transport by TAP and, consequently, peptide loading of MHC I molecules. The US3 homologue, Rh185, was less efficient than HCMV US3 in retaining MHC I molecules in the ER but rather delayed MHC I exit, similar to the HCMV gene US10. No significant effect on MHC I assembly, transport, or surface expression was observed for the remaining US6 familyrelated molecules, Rh186 and Rh187. Given the low sequence similarity, the functional conservation of these molecular mechanisms is remarkable, indicating an important role for them in natural infection by primate CMVs. Our data further suggest that the RhCMV model can be applied as a homologous model to study the functions of the modulators of antigen presentation of HCMV.
MATERIALS AND METHODS
Virus, cells, and antibodies. RhCMV strain 68-1 was obtained from Scott Wong (26) . HeLa-Tet-Off cells were obtained from Clontech (Palo Alto, Calif.), and telomerized rhesus fibroblasts (TRFs) and U373-MG (human glioblastoma) and 293 cells were obtained from Jay Nelson. All cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 1ϫ Pen-Strep-Glutamine (Invitrogen) unless otherwise noted. MHC I molecules were detected with the following antibodies: the monoclonal antibody W6/32, which is specific for MHC I heterodimers (10) (American Type Culture Collection); the monoclonal antibody HC-10, which recognizes free heavy chain (obtained from Hidde Ploegh); and antiserum K455, which recognizes both free and assembled human HLA and ␤2m (obtained from Per Peterson). Antihemagglutinin (HA) antibody was purchased from Sigma, and anti-proteindisulfide isomerase (PDI) antibody was from Stressgen. Conjugated secondary antibodies were purchased from Molecular Probes.
Plasmids. RhCMV ORFs Rh182, -184, -185, -186, -187, and -189 were amplified by PCR from viral genomic DNA of RhCMV strain 68-1 (obtained from Scott Wong) using synthetic primers that spanned the start and stop codons of the respective ORFs and appropriate restriction sites (BglII or EcoRI at the 5Ј end and Asp718 at the 3Ј end). The amplified PCR products were inserted into vector pUHD10.1 (24) or pCDNA3.1 (Invitrogen) for expression in mammalian cells. HA-tagged versions of Rh182 to -189 were constructed using 3Ј-terminal PCR primers encoding the HA epitope in frame with the ORF and inserted into pCDNA3.1. Recombinant adenovirus (rAd) was generated using a plasmidbased recombinant system (27) with the following modifications. The promoter in the shuttle vector was replaced by a tetracycline-regulatable promoter (tet-off system) derived from plasmid pUHG10-3 (24) inserted as an AatII-XbaI fragment. In addition, a new synthetic polylinker (XhoI, SalI, ClaI, HindIII, EcoRV, BglII, SpeI, NotI, EagI, and XbaI) was introduced upstream of the XbaI restriction site. The resulting vector was named pShuttle-tetDXN.
ORFs Rh182, Rh185, Rh186, Rh187, and Rh189 were inserted into the BglII and XbaI sites of pShuttle-tetDXN. The integrity of each of the clones was confirmed by sequence analysis. Linearized pShuttle-tetDXN constructs, along with the plasmid carrying the adenovirus backbone, pAdEasy-1, were coelectroporated into electrocompetent Escherichia coli BJ8153 (a gift from Mike O'Conner, University of Minnesota) as described previously (27) . Recombinant pAdEasy clones were selected on kanamycin (50 g/ml) at 37°C overnight. The clones thus selected were analyzed for genomic integrity and recombination by restriction digestion.
Recombinant adenovirus. For heterologous expression of RhCMV US6 homologues, we used the recombinant adenovirus system developed by He et al. (27) . The replication-deficient adenovirus constructs lack the E1 and E3 regions and thus do not interfere with MHC I expression. Recombinant adenoviruses expressing Rh182, Rh185, Rh186, Rh187, and Rh189 were reconstituted in 293 cells as described previously (27) . Briefly, 5 nmol of adenovirus plasmid DNA was digested with PacI (New England Biochemicals) and purified by phenolchloroform extraction and ethanol precipitation. This vector was transfected into 293 cells using Effectene reagent (QIAGEN), and the infection was allowed to proceed until ϳ70% of the cells showed a cytopathic effect. Virus was harvested from the cells by repeated freeze-thaw cycles. The virus stocks were amplified for a minimum of three rounds. The resulting virus was purified either over a 30% sucrose cushion (32) or by cesium chloride gradient centrifugation (27) . Recombinant viral genomes were verified by restriction analysis and by PCR. Virus titers were determined on 293 cells by limiting dilution.
Flow cytometry and immunofluorescence. MHC I surface expression was determined by flow cytometry using antibody W6/32. Transfected HeLa cells or TRFs were analyzed 42 h posttransfection, RhCMV-infected rhesus fibroblasts were analyzed up to 96 h postinfection, and recombinant adenovirus-transduced cells were analyzed 36 h posttransduction. Approximately 10 6 trypsinized cells were collected and washed by centrifugation prior to incubation with W6/32 (1:100 dilution in phosphate-buffered saline [PBS]-1% fetal calf serum) for 30 min on ice. After being washed three times, bound antibodies were detected with goat-anti-mouse phycoerythrin-conjugated secondary antibody (1:500; Dako). The stained cells were analyzed on a FACScalibur flow cytometer (BD Biosciences).
For immunofluorescence analysis, HeLa cells were transfected with HAtagged ORFs. The cells were washed with PBS 40 h posttransfection, fixed with 2% paraformaldehyde for 20 min at room temperature, quenched with NH 4 Cl for 10 min, and permeabilized with 0.2% Triton X-100 for 5 min at room temperature. Nonspecific binding sites were blocked with 3% bovine serum albumin and 0.5% fish gelatin in PBS for 1 h at room temperature, followed by incubation with primary and secondary antibodies. Coverslips were mounted on slides and covered with Vectashield H-1200 plus DAPI (4Ј,6Ј-diamidino-2-phenylindole) (Vector Laboratories, Burlingame, Calif.). Fluorescence was visualized using an Axiovert-2 light microscope (Zeiss, Thornwood, N.Y.). All pictures were taken in monochrome, contrast enhanced, and false colored using Openlab software (Improvision, Lexington, Mass.).
Metabolic labeling and immunoprecipitation. Cells were grown to 80 to 90% confluency in 60-or 100-mm-diameter tissue culture dishes (ϳ6 ϫ 10 5 to 6 ϫ 10 6 cells) and transfected as described above or infected with recombinant adenovirus at multiplicities of infection (MOI) as indicated for each experiment. The cells were incubated in serum-free and methionine-free medium for 1 h and metabolically labeled with [ 35 S]cysteine-[ 35 S]methionine (Amersham), either 60 or 100 Ci/dish, for the indicated times for each experiment. Proteasome inhibitors, either ZL 3 VS (15 to 50 M) (kindly provided by Hidde Ploegh) or MG132 (10 M) (Peptide International), were included in the starvation medium where indicated. After being labeled, the cells were washed three times with PBS and lysed immediately in PBS containing 1% Triton X-100 or 1% digitonin and protease inhibitors (Roche, Indianapolis, Ind.). The cell lysate was precleared with 20 l of protein A-G agarose beads (Santa Cruz Biotechnology) for 1 h or overnight. The molecules of interest were immunoprecipitated by incubation with appropriate antibodies either for 1 h or overnight, and the immune complexes were captured by incubation for 1 h with 30 l of protein A-G beads. The precipitated proteins were washed five times with either 0.1% NP-40 or 0.25% digitonin. All samples were boiled in Laemmli buffer, resolved on a 12% acrylamide gel, dried, and visualized by exposing them to X-ray film (Kodak BioMax MR).
Peptide transport assay. HeLa cells or TRFs either mock transfected or transfected with Rh186 or HCMV US6 were collected 24 h posttransfection. The cells were permeabilized by adding ϳ1 IU of activated Streptolysine O (Murex Diagnostics, Dartford, United Kingdom) in transport buffer (5 mM HEPES, pH 7.3, 30 mM KCl, 10 mM NaCl, 1 mM CaCl 2 , 2 mM EGTA, 2 mM MgCl 2 ) and incubating them at 37°C for 10 to 20 min. The efficiency of permeabilization was assessed to be Ͼ90% by stain exclusion with Trypan blue dye (Sigma). About 5 ϫ 10 6 permeabilized cells from each set were incubated at 37°C for 10 min with 5 l of fluorescein-labeled peptide with the sequence CVNKTERAY(ϳ200 pM/l) (a generous gift from Emmanuel Wiertz) in the presence of ATP (final concentration, 1 mM) or EDTA (final concentration, 1 mM). The transport reaction was terminated by adding ice-cold CI buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 500 mM NaCl, 2 mM MgCl2, 1% Triton X-100). The cells were lysed for 30 min at 4°C, and the nuclear debris was spun out by centrifugation at 11,000 ϫ g at 4°C. The supernatant was incubated with 100 l of concanavalin A Sepharose beads (Sigma) preequilibrated with the CI lysis buffer either for 2 h or overnight in the dark. The beads were washed twice with CI buffer, followed by two washes with wash buffer (50 mM Tris-HCl, pH 8.0, 500 mM NaCl). The glycosylated peptide was eluted in 500 l of elution buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, and 500 mM mannopyranosidase) by incubation with shaking for 1 h at room temperature. The recovered peptide was quantified by measuring fluorescence with 485-nm excitation and 530-nm emission filters (Bio-Rad).
RESULTS
RhCMV homologues of the HCMV US6 family. Hansen et al. reported that the genes Rh182, Rh184, Rh185, Rh186, Rh187, and Rh189 display homology to individual members of the US6 family of HCMV (26) . All six ORFs encode predicted type I transmembrane-spanning proteins with a signal sequence, transmembrane domain, and C-terminal cytosolic domain. The relative locations of these genes in the genomes of RhCMV and HCMV are shown in Fig. 1A . RhCMV lacks internal repeats and thus does not have a unique short region. However, the location and orientation of ORFs Rh181 to -189 is similar to that of the region US1 to US11 in the HCMV genome. ClustalW alignment reveals that the central regions of all six RhCMV polypeptides share several conserved residues with HCMV US6 family members (Fig. 1B) . Most importantly, all of the proteins share conserved cysteine residues that bracket an immunoglobulin (Ig)-like domain, similar to the structure of HCMV US2 (20) . These signature sequences support the notion that all six RhCMV ORFs belong to the US6 family. To determine the relationship between the six US6-like glycoproteins encoded in region Rh181 to -189 and the eight US6 family members of HCMV (Fig. 1A) , we aligned each of the HCMV ORFs with each of the RhCMV ORFs using the GAP analysis algorithm (14, 29) . Identity scores were Ͻ30% in all cases, and similarity scores were Ͻ43% (Fig. 1C) . These overall low scores rendered differences between individual alignments difficult to interpret and, in several instances, Rh-CMV ORFs showed the highest identity with one HCMV protein but the highest similarity with another. For instance, Rh182 displayed the highest similarity with HCMV US2 but the highest identity with HCMV US11. Rh184 demonstrated the highest similarity with US3 but higher identity with HCMV US9, US10, and US11. However, taking genome location into account, these alignments indicated that each RhCMV ORF showed either the highest percent identity or percent similarity with the US6 family member located in a similar position in the HCMV genome (Fig. 1C) . The combination of location and sequence similarity suggests that Rh182, Rh184, Rh186, Rh187, and Rh189 are homologues of US2, US3, US6, US8, US10, and US11, respectively, and that the genome of Rh-CMV does not contain homologues for US7 and US9. This interpretation implies that all six ORFs of HCMV that display interference with MHC I assembly or transport (see the introduction) might be conserved in the RhCMV genome. To examine whether these functions are indeed conserved in Rh-CMV, or if the proteins have acquired different functions, we characterized the functions of all six RhCMV ORFs with respect to the assembly and transport of MHC I.
RhCMV Rh182 to Rh189 are glycoproteins that are located in the endoplasmic reticulum. The RhCMV US6 family of genes encodes predicted type I transmembrane glycoproteins with a predicted amino-terminal signal sequence and a carboxy-terminal transmembrane domain that is followed by a short cytoplasmic domain. Each of the RhCMV ORFs also encodes at least one N-linked glycosylation site in its putative extracellular domain, with the exception of Rh184, which lacks a glycosylation site. The only ORF predicted to have more than one glycosylation site is Rh187, which encodes four such sites. The predicted molecular masses of the nonglycosylated Rh182 to -189 proteins (including the signal sequences) are as follows: Rh182, 23.1 kDa; Rh184, 20.6 kDa; Rh185, 18.9 kDa; Rh186, 28.2 kDa; Rh187, 25.5 kDa; and Rh189, 26.9 kDa.
To determine the subcellular localizations of the US6 family-related ORFs of RhCMV, we generated epitope-tagged versions of all six of the ORFs and transfected the resulting constructs into HeLa cells. Immunofluorescence staining revealed a perinuclear staining pattern in all cases, consistent with localization in subcellular membranes of the exocytic pathway (Fig. 2) . To examine whether this staining pattern corresponds to localization in the ER, we costained the cells with antibodies specific for PDI, an ER-resident protein. In all cases, we observed partial to complete costaining, indicating that these proteins are located, at least partially, in the ER.
Since the high-mannose-type N-linked glycosylation of ERresident glycoproteins is sensitive to digestion with endoglycosidase H (EndoH), we further examined whether the RhCMV proteins were sensitive to EndoH. HeLa cells were transfected with the HA-tagged constructs and metabolically labeled for 20 min, followed by a 60-min chase. Upon immunoprecipitation with anti-HA, the precipitates were treated with EndoH prior to electrophoretic separation. Rh182, Rh186, and Rh189 remained completely EndoH sensitive during the chase, suggesting that these proteins remain in the ER. The apparent molecular masses of Rh182 and Rh189 were also consistent with the predicted mass, considering that removal of a signal sequence reduces the mass by ϳ2 kDa whereas the HA tag adds 1.1 kDa (Fig. 3A) . However, the apparent mass of 24 kDa of the Rh186 protein was considerably lower than the predicted mass of 28.2 kDa for unknown reasons. The only protein that displayed any EndoH resistance was Rh187. At the beginning of the chase, this protein demonstrated a large shift in molecular mass upon EndoH treatment, consistent with predicted multiple glycosylation sites (Fig. 3A) . During the chase, a highmolecular-mass species appeared that was only partially reduced in size by EndoH treatment (Fig. 3A) , consistent with a highly glycosylated protein that reaches the Golgi apparatus but with only a fraction of oligosaccharides processed. This finding is reminiscent of the murine CMV glycoprotein M4, which has three glycosylation sites, two of which remain EndoH sensitive after reaching the surface (38) . These data suggest that Rh187 is partially located in or recycles through a post-ER compartment. However, a large proportion of the Rh187 molecules seem to reside in the ER, as suggested both by immunofluorescence staining and by the fact that a significant portion of the molecules remained EndoH sensitive after 1 h of chase. The Rh185 protein occurred in two species during both the pulse and chase periods (Fig. 3B) . The higher-mass form represents an EndoH-sensitive protein that comigrates with the lower-mass form upon EndoH treatment, suggesting that Rh185 is only partially glycosylated. As expected, the mobility of Rh184 did not change upon EndoH treatment, since the protein does not contain a glycosylation site. Thus, the subcellular localization of Rh184 could be deduced only from its colocalization with PDI in immunofluorescence assays, which suggests that it is located in the ER (Fig. 2) . Rh184 also seemed to have a relatively short half-life, as indicated by the fact that less protein was immunoprecipitated at the end of the chase than at the beginning (Fig. 3B) . After 2 h of chase, the protein could no longer be detected (data not shown). This short half-life could be related to the lack of glycosylation. Taken together, these data suggest that all US6-related proteins of RhCMV are located in the ER, with a subpopulation of Rh187 additionally reaching a post-ER compartment. Reduction of MHC I surface levels by Rh182, Rh185, and Rh189. To determine whether MHC I steady-state levels are reduced in RhCMV-infected cells, surface and total levels of MHC I were examined in TRFs infected with RhCMV. Fibroblasts were mock infected or infected with RhCMV (MOI, 2) for 24, 48, or 96 h prior to flow cytometry with antibody W6/32. As shown in Fig. 4A , MHC I surface levels were reduced at 24 h and even further reduced at the later time points. A significant reduction of MHC I expression was also observed when total MHC I levels were measured in immunoblotting using a polyclonal MHC I-specific antiserum. These data are consistent with a mechanism by which RhCMV interferes with newly expressed MHC I molecules but does not remove surface-expressed MHC I molecules synthesized prior to infection.
To examine whether the RhCMV homologues interfere with the MHC I pathway, we initially analyzed cell surface expression of MHC I molecules by flow cytometry of cells transiently transfected with the RhCMV ORFs or transduced with recombinant adenovirus. Interference with assembly or transport is expected to reduce MHC I steady-state levels. Two different cell types were analyzed: rhesus fibroblasts, life extended by transfection with telomerase (TRF cells), and human HeLa , and Rh189 resulted in a significant reduction of MHC I cell surface expression, suggesting that these three molecules inhibit expression of human and nonhuman primate MHC I. Interestingly, the HA-tagged version of Rh182 was nonfunctional despite excellent expression in transient transfection ( Fig. 2 and 3) . Also, the HAtagged version of Rh189 seemed to be less active. Proteins encoded by ORFs Rh184, Rh186, and Rh187 had no effect on the surface expression of MHC I molecules. These proteins also did not interfere with MHC I steady-state levels when transfected in combination (data not shown). Reduction of MHC I surface levels was also observed when HeLa cells were transduced with recombinant adenovirus expressing Rh182, Rh185, and Rh189, whereas Rh186 and Rh187 had no significant effect (Fig. 4D) . Rh184 has not yet been examined in an adenoviral expression system. Similar results were obtained with rhesus fibroblasts (data not shown). Thus, both transient transfection and adenovirus expression suggest that Rh182, Rh185, and Rh189 interfere with assembly or transport of human and rhesus MHC I molecules and that they are the RhCMV homologues of US2, US6, and US11. Rh184 transiently retains MHC I molecules. At least two of the HCMV US6 family molecules, US8 and US10, bind to MHC I but do not affect MHC I surface levels (2, 18, 32, 55) . Examining the steady-state abundance of MHC I molecules at the cell surface might therefore fail to detect transient effects of US6-related proteins on newly synthesized MHC I molecules. To examine whether Rh184, Rh186, and Rh187 affect the maturation of newly synthesized MHC I molecules, we examined the acquisition of EndoH resistance by MHC I molecules in transiently transfected HeLa cells. No difference was observed between cells transfected with Rh186 or Rh187 and cells transfected with vector only (Fig. 5B) . Thus, Rh187 does not seem to delay maturation of MHC I molecules, as observed for US10, its closest HCMV homologue (18) . In contrast, a substantial portion of MHC I molecules were still in the EndoH-sensitive state in Rh184-transfected cells after a 30-min chase. At that time, all of the MHC I molecules in control cells had acquired EndoH resistance (Fig. 5A ). Since these results were obtained in transiently transfected cells, it is likely that a substantially higher proportion of MHC I molecules, if not the entire population of MHC molecules, was retained in the ER in Rh184-transfected cells. This observation was reminiscent of HCMV US3, which retains MHC I in the ER of transfected cells (1, 34) . Rh184 has the highest percentage of amino acid residues that are either identical or similar to US3 (Fig. 1B) . However, unlike Rh184, MHC I surface expression is significantly reduced in cells transiently or stably transfected with US3 (1, 2) . Therefore, we examined the fate of MHC I over longer chase periods. As shown in Fig. 5C , the EndoH-sensitive population of MHC I disappeared during 3-and 6-h chase periods in Rh184-transfected cells. In contrast, HCMV US3 retains MHC I molecules in an EndoH-sensitive state for prolonged periods (1) . While the EndoH-resistant pool was diminished at the end of the chase, this was also observed in the mock-infected cells, presumably as a result of natural turnover. We conclude that Rh184 is unable to prevent the exit of MHC I molecules from the ER, as observed for HCMV US3, but delays MHC I maturation, as described for HCMV US10 (18) . Inhibition of peptide translocation and peptide loading by Rh185. We observed a population of EndoH-sensitive MHC I molecules when HeLa cells were transiently transfected with Rh185, similar to Rh184 (Fig. 5A) . Rh185 is most similar to HCMV US6 (Fig. 1B) , which inhibits peptide loading of MHC I molecules by inhibiting TAP (2, 28, 40) . Since empty MHC I molecules are retained by the MHC I-specific chaperone tapasin in the ER (15, 51) , it was possible that intracellular transport of MHC I molecules was delayed as a consequence of a defect in peptide loading. To examine whether MHC I molecules are loaded with peptides, we subjected metabolically labeled lysates of Rh185-transfected cells to a temperature challenge for 1 h at 37°C. Empty MHC I heterodimers decay under such conditions and are no longer recognized by the dimer-specific antibody W6/32. As shown in Fig. 6A , a drastic reduction of W6/32-reactive MHC I molecules was observed in both HCMV US6-and Rh185-transfected cells. In contrast, MHC I molecules were resistant to temperature challenge in Rh184 transfectants. To examine whether MHC I instability was caused by inhibition of peptide translocation, we measured MHC-independent import of fluoresceinated peptides into the lumen of the ER (6) . Since the peptides employed carried a glycosylation signal, transported peptides could be recovered with the lectin concanavalin A (45) . Human HeLa and rhesus TRF cells were transfected with Rh185 or US6, and peptide import into the ER was measured in the absence or presence of ATP. As expected, depletion of ATP resulted in ϳ90% reduction of recovered fluorescence in both cell types compared to cells transfected with vector plasmid (Fig. 6B) . Transient transfection with HCMV US6 resulted in a 55% reduction of recovered fluorescence in HeLa cells and a 45% reduction in TRFs (the mean of three independent experiments). Similarly, a 67 or 72% reduction in peptide transport was observed in HeLa cells or TRFs, respectively, transfected with Rh185 (Fig. 6B) . Since transfection of GFP plasmids indicated 70% transfection efficiency (not shown), these results indicate a complete inhibition of TAP transport by Rh185.
Rapid degradation of MHC I molecules in cells expressing Rh182 and Rh189. To examine how Rh182 and Rh189, the putative homologues of US2 and US11, achieve the reduction of MHC I surface expression (Fig. 4) , we used an adenoviral expression system that allows efficient expression under the control of a tetracycline-regulatable promoter (see Materials and Methods). The effect of Rh182 and Rh189 expression on newly synthesized MHC I molecules was studied in U373-MG human glioblastoma cells, since these cells were used previously to examine the functions of HCMV US2 and US11 (59, 60) . For controls, cells were either mock infected or infected with a GFP or tetracycline transactivator expressing adenovirus (rtetA). rAd/Rh182-transduced cells were metabolically labeled for 15 min and chased for 30 or 60 min prior to immunoprecipitation with the heterodimer-specific antibody W6/32. Compared to mock-infected and rAd/GFP-infected cells, significantly fewer MHC I heterodimers were recovered in cells transduced with rAd/Rh182 (Fig. 7A ). Since this is reminiscent of the degradation of MHC I molecules observed in US2 transfectants (60), we examined whether MHC I molecules could be stabilized with the proteasomal inhibitor. Pretreatment with the proteasome inhibitor ZL 3 VS (60) resulted in increased recovery of assembled MHC I heterodimers from rAd/Rh182-transduced U373-MG cells. An increase in W6/32-reactive MHC I complexes was also observed in mock-or rAd/GFP-infected cells. However, this increase, which was likely caused by inhibiting the natural turnover of incompletely assembled molecules, was less pronounced than in rAd/Rh182- infected cells. To examine whether proteasome inhibitors stabilized a degradation intermediate that is not recoverable with the heterodimer-specific W6/32 antibody, we used the antibody HC-10, which specifically recognizes free MHC I heavy chains (50) . HC-10-reactive heavy chains were immunoprecipitated from lysates that had been precleared with W6/32. In the absence of proteasome inhibitors, HC-10-reactive MHC I molecules of control transfectants decreased during the chase due to heterodimer formation. In Rh182-transduced cells, however, very little HC-10-reactive MHC I was observed during the pulse and almost no free heavy chain was present during the chase, consistent with efficient degradation mediated by Rh182. In the presence of proteasome inhibitors, we observed a stabilization of EndoH-sensitive free heavy chains in the control cells. As discussed above, this is most likely due to the inhibition of natural protein turnover. However, a much more pronounced stabilization was observed in rAd/Rh182-infected cells. Importantly, a low-molecular-weight species of MHC I that comigrated with EndoH-sensitive heavy chains was stabilized during the chase period. This species might correspond to a deglycosylated intermediate of MHC I degradation described previously for HCMV US2-and US11-transfected cells (59, 60) . Similar results were obtained with rhesus TRFs (data not shown). The increased stabilization of free heavy chains compared to that of assembled heterodimers could indicate that Rh182 predominantly attacks MHC I molecules that have not yet assembled with ␤2m. Alternatively, MHC I heterodimers are disassembled during the degradation process mediated by Rh182. The occurrence of a deglycosylated intermediate also indicates that Rh182 reverse translocates the heavy chains into the cytosol, since the N-glycanase activity required for degradation resides in the cytosol (31) . Taken together, these data indicate that, similar to HCMV US2, Rh182 destabilizes MHC I heavy chains for proteasomal destruction in the cytosol.
In a similar series of experiments, we compared the fates of MHC I molecules in U373-MG cells transduced with rAd/ Rh189 or rAd/US11 (kindly provided by D. Johnson). The cells were metabolically labeled as described above, but MHC I molecules were immunoprecipitated with the antiserum K455, which recognizes both free and assembled MHC I heavy and light chains. As expected, the recovery of MHC I was reduced in U373-MG cells transduced with rAd/US11 compared to the mock-transduced or control adenovirus-transduced cells, particularly during the chase period (Fig. 7B) . Heavy chains remained EndoH sensitive in US11-expressing cells prior to degradation, consistent with ER degradation of newly synthesized MHC I molecules (59), whereas they acquired EndoH resistance in mock-infected and control adenovirus-infected cells. Similar to US11, there was an overall reduction of MHC I recovery from rAd/Rh189-infected cells, particularly during the chase period, consistent with degradation of MHC I. In addition, MHC I also remained increasingly EndoH sensitive in Rh89-expressing cells, suggesting that Rh189 retained MHC I molecules prior to mediating their degradation. Importantly, increased recovery of MHC I molecules was observed in the presence of the proteasomal inhibitor MG132 in both rAd/ US11-and rAd/Rh189-infected cells. Unlike Rh182, however, we did not observe deglycosylated HC degradation intermediates in the presence of proteasome inhibitors in cells transduced with either HCMV US11 or Rh189. Instead, proteasomal inhibition stabilized the EndoH-sensitive form of HCs. As discussed above, proteasome inhibition also prevented the natural turnover of MHC I in control cells, resulting in an increased EndoH-sensitive population during the chase. Thus, a portion of the EndoH-sensitive HC population recovered from US11-and Rh189-expressing cells in the presence of proteasome inhibitors could be a consequence of inhibiting normal MHC turnover. However, the difference between the total amounts of HC recovered in the presence of proteasome inhibition and in its absence was much more pronounced in Rh189-and US11-infected cells than in control cells. The increased HC recovery thus suggests that the US11-and Rh189-mediated HC degradation was prevented or decreased by proteasome inhibitors. Therefore, we conclude that Rh189 acts similarly to US11 by mediating the proteasomal degradation of MHC I molecules.
DISCUSSION
The ␤-herpesviruses are thought to have emerged prior to mammalian radiation, and therefore, viral evolution has accompanied mammalian speciation, so that CMV phylogeny generally parallels species phylogeny (44) . Thus, the differences between the primary structure sequences in US6 family members of human and rhesus CMVs have accumulated over a period of 14 million years that separates humans from Old World nonhuman primates (23) . During this time, considerable divergence has occurred in the corresponding genes of the two virus species, resulting in low primary structure homology (Fig. 1) . In part, this divergence is probably a coadaptation to the significant divergence that occurred in the rhesus MHC compared to the human MHC (17) . In addition, mutations might have occurred as a result of random drift. Nevertheless, our data suggest that the functions of the major viral modulators of MHC I antigen presentation identified in HCMV are conserved in RhCMV. For US2, US3, US6, and US11, we observed that each of the respective positional and sequence homologues interferes with MHC I assembly or transport in a manner similar to that of its HCMV homologue. Differences between HCMV and RhCMV were observed for Rh184, which did not reduce the steady-state levels of MHC I as efficiently as its HCMV counterpart. Interestingly, all RhCMV ORFs retained the ability to interfere with the maturation of human MHC I molecules, suggesting that they recognize conserved features within MHC molecules or within essential molecules of the peptide-loading machinery, such as TAP and tapasin. We conclude that Rh182, Rh184, Rh185, and Rh189 are orthologous to US2, US3, US6, and US11, respectively. Therefore, we suggest that these genes be referred to as RhUS2, RhUS3, RhUS6, and RhUS11. The relationship of Rh186 and Rh187 to the remaining US6 family members of HCMV has not been firmly established. US8 was shown to bind to MHC I and to be partially located in endosomes (55) . However, Rh186, which showed the closest homology to US8, seemed to be an ER-resident glycoprotein. Rh187 became partially EndoH resistant but did not seem to be located in the endosomal compartment. Neither Rh186 nor Rh187 interfered with MHC I maturation.
The observed functional conservation despite considerable sequence divergence might help to delineate functionally important residues in the orthologous sequences. Alignments between each pair of orthologues are shown in Fig. 8 . For HCMV US2, it was previously shown that the lumenal domain is sufficient to bind to MHC I (12, 21) . However, the cytosolic domain and the transmembrane domain were shown to be absolutely necessary for US2 to mediate MHC I degradation (12, 19) . A function of the cytosolic tail is also supported for Rh182, since carboxy-terminal tagging rendered the molecule nonfunctional (Fig. 4) . Interestingly, replacement of the US3 carboxy-terminal domain with that of US2 transfers the ability to mediate MHC I degradation to US3, suggesting that the lumenal domain mediates binding whereas the carboxy-terminal tail mediates degradation (13) . Therefore, it is expected that very few residues in the carboxy terminus (including the membrane-proximal domain on the lumenal side and the transmembrane domain, as well as the cytosolic tail) of Rh182 are conserved compared to HCMV US2 (Fig. 8A) . This dif-ference renders it less likely that this region of US2 interacts with a highly conserved cellular protein, as observed for US11 (see below), and is consistent with different mechanisms of action in US2 and US11. In contrast, the lumenal domain of US2 contains several conserved sequence motifs, including residues that were found to be in direct contact with MHC I, as well as residues that were defined as "core" residues, i.e., Ͼ90% buried in US2 (20) . Secondary-structure predictions further suggest that the Ig-like fold of six beta-sheets is also conserved between HCMV US2 and RhCMV Rh182. Notably, in HCMV US2, the glycosylation site is located between betasheets B and C, which places it well outside the MHC I interaction domain (20) , whereas the glycosylation site is located between beta-sheets F and G in Rh182, thus overlapping with residues that were previously mapped to interact with MHC I (Fig. 8A ). The consequences of this different placement of the glycosylation site for the interaction of Rh182 with MHC I remain to be investigated.
The alignments of US3 and US6 to their RhCMV orthologues revealed a surprisingly low homology in the Ig-like domains of these molecules, suggesting that the overall structure rather than sequence motifs is responsible for their function. Interestingly, sequence conservation occurred in regions of the molecules that are not expected to be important for their function as MHC I modulators. For instance, sequences adjacent to and within the signal peptide of Rh184 are conserved (Fig. 8B ). Since this sequence is cleaved upon translocation, this conserved sequence is not expected to play a role in the interaction with MHC I and tapasin. Potentially, the signal peptide itself could be involved in other immunomodulatory mechanisms, as described for the signal peptide of UL40 (56, 57) . Also unexpected is the conservation of the carboxy-terminal amino acids in Rh185. Seven of the eight amino acids in HCMV US6 are also found in Rh185 (Fig. 8C) . However, previous data suggested that the carboxy-terminal tail of US6 is dispensable for MHC I downregulation (2) . It is possible that this sequence motif optimizes US6 function, which would have been missed in the previous study, which relied on overexpression and was not performed in the context of viral infection. Given the high conservation of this amino acid stretch, it can be assumed that the region plays an important, but yet to be defined, role in the TAP-inhibitory function of US6, or US6 could perform an as-yet-unknown function that involves its cytosolic tail.
The highest sequence conservation among the orthologues was observed for US11. Pairwise alignment clearly indicates multiple sequence motifs that are conserved within the lumenal domain, as well as the transmembrane domain. Among the conserved intramembrane residues is a central glutamine that is essential for the interaction of US11 with the cellular protein FIG. 8 . Sequence comparisons of orthologous immune modulator pairs of RhCMV and HCMV. Sequences of Rh182 (RhUS2), Rh184 (RhUS3), Rh185 (RhUS6), and Rh189 (RhUS11) were aligned with their corresponding orthologue of HCMV using GAP alignment (PAM120) with a gap penalty of 14 and an extension penalty of 2. Signal peptides and transmembrane regions are boxed, identical sequences are white on black, and conservative changes are white on gray. Glycosylation sites are boldface and underlined. The asterisks indicate HCMV US2 residues that interact with MHC I (20) . The black arrows indicate experimentally confirmed beta-sheets in US2 (A, B, C, CЈ, D, E, F, and G) (20) . The gray arrows indicate predicted beta-sheets. derlin 1 (41, 61) (Fig. 8C ). This cellular protein is conserved in yeast and belongs to an ancient mechanism that disposes of misfolded proteins. The high conservation of the cellular mechanism used by US11 might explain its high sequence conservation. Moreover, the comparably close sequence relationship renders it highly likely that RhUS11 functions similarly to HCMV US11, despite our inability to observe a degradation intermediate.
Our study suggests that interference with MHC I assembly and transport by multiple viral proteins is highly conserved between RhCMV and HCMV. The functional conservation despite structural divergence further suggests important structural characteristics of individual members of the US6 family that can be tested experimentally in the future. Furthermore, the capability of studying RhCMV infections in nonhuman primates will further enable us to evaluate the importance of individual MHC I modulatory mechanisms for viral immune evasion in vivo.
